Objectives: The aim of this study was to analyze whether cells with long action potential duration, fast V , and spike-and-dome max Ž . Ž . configuration M-cells are present in porcine left ventricular myocardium. Methods: Transmembrane action potentials n s 505 of the left ventricle were recorded with conventional glass microelectrodes in an epicardial-endocardial direction at 2000 ms basic cycle length in 14 pigs. In 3 pigs, potentials were obtained at 1000, 2000, and 5000 ms cycle length before and after superfusion with quinidine HCl 1 Ž . mg r ml. In addition, transmembrane potentials n s 52 were recorded in 4 dogs at 2000 ms cycle length to verify the ability of our Ž . protocol to detect M-cells. Results: In pigs, action potential duration at 90% repolarization was shorter ANOVA, P -0.001 and V max Ž . slower P -0.001 in the epicardium than in the other transmural sites, but there were no regional differences in resting membrane potential or in action potential amplitude. Potentials with particularly long phase 3 or with spike-and-dome configuration were not Ž . observed. All myocardial sites displayed rate dependence of action potential duration P s 0.02 which was transmurally homogeneous and persisted after quinidine exposure. The drug did not induce afterdepolarizations. In dogs, potentials with spike-and-dome configuration, long duration, and fast V , like those described in M-cells, were detected in deep epicardial and midmyocardial areas. 
Introduction
Differences in cellular electrophysiology between the epicardium and the endocardium of the left ventricle have w x been observed in several species 1-8 . More specifically, w x w x the human 7 and canine 8 hearts display a subpopulation of deep epicardial cells, termed 'M-cells', characterized by long action potentials, spike-and-dome configura-Ž . tion, and rapid rate of rise in upstroke V . Although max these electrophysiologic characteristics are intermediate between muscle and Purkinje fibers, M-cells do not display spontaneous phase 4 depolarization. M-cells are of potential clinical relevance because their long repolarization phase is thought to intervene in the w x genesis of the U-wave in the ECG 7,9 . Moreover, M-cells may play a role in the genesis of long QT syndrome related arrhythmias because these cells develop drug-inw x duced early afterdepolarizations 9 . Early and delayed afterdepolarizations may contribute to QT prolongation and to the development of repetitive ventricular arrhythw x mias through triggered activity 10 . In fact, it has been postulated that torsade de pointes ventricular tachycardia may be triggered by early afterdepolarizations arising not w x only from Purkinje fibers 11 , but also from the M-cells w x 12 .
Since the characteristic repolarization features of M-cells are likely due to a decreased amplitude of potassium Ž . w x outward current I 13 and, in turn, the intensity of this K w x current varies among species 13-15 , it is conceivable that there could be animal species which lack M-cells. This
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Ž . PII S 0 0 0 8 -6 3 6 3 9 6 0 0 2 0 5 -2 at Pennsylvania State University on February 21, 2013 http://cardiovascres.oxfordjournals.org/ Downloaded from ( )study was therefore undertaken to assess whether a subpopulation of M-cells exists in the porcine heart. 11, NaH PO 0.42 and glucose 5.5. The pH of the solution 2 4 was 7.4. The preparation was electrically stimulated at 2000 ms basic cycle length using rectangular pulses of 2.5 Ž ms duration and twice the diastolic threshold Arrhythmia Investigation System Type 4279 DEVICES, Hertfordshire, . UK . Long pacing cycles were chosen because they magw x nify the duration of M-cell action potential 8 . Pulses were applied through two thin silver electrodes isolated except at the tip. Immediately after a stabilization period of 90 min, transmembrane action potentials were recorded with w x conventional glass microelectrodes 16 
Methods

Experimental preparation
Experimental group II: dogs
To verify that our technique is able to recognize action potentials characteristic of M-cells, we studied 4 beagle dogs. Myocardial preparations were placed in a similar tissue bath and were allowed to stabilize for a period of at least 3 h. This equilibration time was longer than in pigs because in the latter model stable action potential characteristics were achieved earlier. Canine preparations were paced at 2000 ms basic cycle length using similar current pulses than in pigs. Transmembrane potentials were recorded at baseline conditions across the ventricular wall.
Data analysis
All values are expressed as mean " standard deviation. Transmural differences in action potential configuration were evaluated at 2 mm intervals from the epicardium towards the endocardium using the two-way analysis of variance. A P-value of -0.05 was considered statistically significant.
Results
Experimental group I: pigs
Transmural differences in action potential configuration were assessed in 505 impalements obtained at 2 mm intervals from the epicardium towards the endocardium.
As shown in Table 1 , action potential duration at 90% repolarization, at 2000 ms cycle length, was shorter in the Ž . epicardium ANOVA, P -0.001 . However, maximal differences in mean action potential duration among the different transmural regions did not exceed 45 ms, which makes it difficult to distinguish the different recordings Ž . even when superimposed Ž tributed across the myocardial wall maximal mean lengthening: 20 ms in the epicardium, 17 ms in the deep . Ž . epicardium, and 24 ms in the subendocardium Fig. 1 .
Ž . Maximal rate of rise of action potential upstroke V , max at 2000 ms cycle length, was slower in the epicardium than Ž . in the other myocardial areas ANOVA, P -0.001 . Action potentials with spike-and-dome configuration or phase Ž . 4 depolarization were not observed Fig. 1 . There were no regional differences in resting membrane potential and Ž . action potential amplitude Table 1 .
As illustrated in Fig. 2 , quinidine prolonged action Ž . potential duration P -0.001 in an homogeneous manner Ž across the myocardial wall maximal mean lengthening: 27 ms in epicardium, 36 ms in deep epicardium, and 28 ms in . subendocardium . Rate dependence of action potential duration after quinidine was comparable among the wall layers. The drug did not induce afterdepolarizations or trigger activity.
Experimental group II: dogs
Transmural differences in action potential configuration were assessed in 52 impalements obtained at 2 mm intervals from the epicardium towards the endocardium. As shown in Table 2 , action potential duration at 90% repolarization was markedly longer in the deep epicardium Ž . regions 2-6 mm from the epicardium than in the remain-Ž . ing wall myocardial sites ANOVA, P -0.001 . Maximal differences in mean action potential duration across the Ž . ventricular wall reached 85 ms Fig. 3 . Due to these higher differences in action potential duration it is easier to Ž . observe changes in action potential shape in dogs Fig. 3 Ž . than in pigs Fig. 1 . In addition, deep epicardial areas with long action potentials showed a higher maximal rate of rise Ž . of action potential upstroke V than epicardial and max endocardial regions. Higher V was also observed in the max Ž .Ž deep midmyocardial regions 6-10 mm ANOVA, P -. Ž . 0.05 Table 2 . Action potentials with spike-and-dome configuration were observed in all areas except the suben-Ž . docardium Fig. 3 . Resting membrane potential was comparable among all myocardial sites, whereas the action potential amplitude was significantly lower in the epi-Ž . cardium than in other transmural sites ANOVA, P -0.01 .
Discussion
This study demonstrates that the porcine left ventricular myocardium exhibits small, but significant, transmural differences in cellular electrophysiology, but that in contrast to the canine heart the pig model lacks M-cells.
Transmural electrophysiologic differences
Intracellular recordings obtained in porcine left ventricular wall revealed that action potential duration and V max were respectively slightly shorter and slower in the epicardium than in the remaining ventricular wall layers. By contrast, resting membrane potential and action potential amplitude were transmurally homogeneous. Differences in action potential duration between epicardium and endocardium have not been previously reported in pigs, but these are well recognized in other animal species like dogs w x w x w x 1 , guinea pigs 3,6 , and humans 7 . The trend of epicardial-endocardial differences in action potential duration varies among animal species and also changes with the cycle length of the stimulation protocol. Canine myocardial preparations paced at long cycle lengths show longer action potentials in the epicardium than in the endow x cardium 17 , whereas opposite effects are noted in guinea w x pigs 3 . In humans, no significant differences between both areas were observed in myocytes stimulated at very Ž . long cycle lengths 1 pulser30 s , although action potential duration tended to be shorter in subepicardial cells w x 18 . Moreover, within the same animal species the trend of differences in epicardial-endocardial action potential duration may change according to the length of the pacing w x cycle 17 .
Transmural differences in action potential duration likely result from the existence of parallel regional inhomogeneities in the magnitude of the transient outward current I . It has been shown that the intensity of I is larger in to to w x the epicardium than in the endocardium in dogs 19 , rats w x w x w x 20 , cats 21 , and humans 18,22 and this accounts for w x the shape of the spike-and-dome action potential 17 . Premature stimuli applied to myocardial regions with prominent spike-and-dome potentials are prone to develop w x large action potential responses 8,19 and this is thought w x to explain some types of supernormal conduction 19 . Unlike dogs, the pig heart did not depict potentials with a spike-and-dome configuration in the epicardium or in the midmyocardium. This finding suggests that I is small in to pigs, but this needs to be confirmed.
The absence of transmural differences in resting membrane potential and action potential amplitude in the pig model is in agreement with previous studies conducted in w x other animal species 2,7 . On the other hand, the lower action potential amplitude that we found in canine epicardium is also in agreement with previous reports in dogs w x 8 .
Absence of M-cells
A major finding of this study was the inability to encounter left ventricular myocardial cells with action potentials like those of M-cells described by Sicouri and w x w x Antzelevitch in canine hearts 8 and by Drouin et al. 7 in 4 explanted human hearts. These authors found a subpopu-Ž . lation of deep epicardial cells M-cells characterized by Ž . fast action potential upstroke V , prominent phase 1 max repolarization with a spike-and-dome configuration, prolonged action potential duration, and absence of phase 4 depolarization. The lack of action potentials typical of M-cells in our study in pigs cannot be attributed to substantial methodw x ological differences with previous studies in dogs 8 because our preparations were obtained and processed similarly. In addition, we performed experiments in beagle dogs and we were able to detect action potentials with w x characteristics like those of M-cells 8,12 . Indeed, we recognized action potentials with markedly long duration, fast V , and spike-and-dome configuration in a region max extending from the deep epicardium towards the midmyocardium. Thus, our data further confirm previous findings of the existence of M-cells in canine myocardium.
To further exclude that M-cells were underestimated in the pig model we performed two additional sets of experiments. In one of these studies we recorded intracellular Ž . potentials at very long pacing cycles up to 5000 ms because differences in action potential duration between M-cells and cells of the remaining myocardial wall sites are magnified when the preparation is stimulated at low w x rates 12 . Secondly, we exposed the preparations to quinidine at doses that are known to elicit maximal phase 3 action potential prolongation and early afterdepolarizations w x in M-cells of canine subepicardium 12 . Despite these attempts, exposure to quinidine failed to unmask myocardial regions with particularly long action potentials in pigs. Indeed, quinidine elicited an homogeneous prolongation of action potential across the left ventricular wall and we did Ž not observe oscillations of membrane potential afterdepo-. larizations . The homogeneous prolongation of action potential across the pig left ventricular wall by quinidine may suggest a similar I in all these areas. The mechanism by K which quinidine prolongs action potential duration more markedly in M-cells than in other myocardial cells, is not well known. It has been proposed that quinidine prolongs action potential through two mechanisms. First, since quinidine has been shown to have a higher effect at slow pacing rates, this may suggest a higher deactivation of I . particular electrophysiologic properties, but no anatomical studies have been undertaken to identify possible anatomical differences between these cells and the remaining cell population. Such anatomical studies would allow to gain insight into a more precise characterization of cardiac M-cells.
Clinical implications
The existence of M-cells may play a role in the genesis of ventricular arrhythmias through two fundamental mechanisms. On one hand, the presence of myocardial areas with markedly prolonged action potentials leads to regional inhomogeneities in the duration of refractory periods and this condition might favor re-entrant arrhythmias, w x especially at slow heart rates 8 . This particular intramural re-entry could also occur in humans because M-cells have w x been observed in 4 explanted hearts 7 , but according to the absence of M-cells in the present model, this arrhythmia mechanism would not be operative in pigs. Secondly, M-cells generate afterdepolarizations and triggered activity under in vitro exposure to drugs that prolong the QT w x interval 12 , and this circumstance has been suspected to trigger torsade de pointes ventricular tachycardia in patients with long QT syndromes. Since early afterdepolarw x izations may also arise from Purkinje cells 11 , our observation that the pig heart lacks M-cells may render this model relevant to the study of the mechanism of torsade de pointes ventricular tachycardia. Theoretically, in the case where these arrhythmias occurred in pigs with drug-induced long QT syndromes it would suggest that M-cells are not essential for the genesis of torsade de pointes. However, experimental models of acquired long QT syndromes in pigs are lacking and afterdepolarizations and triggered activity in this animal species have not been reported.
M-cells are believed to play a major role on the genesis w x of the U-wave in the ECG 7,9 because their repolarization phase is distinctly longer than that of other cardiac Ž cells. In addition, their estimated volume 40% of the w x w x. ventricular wall in dogs 9 and 30% in humans 7 appears to be large enough to generate repolarizing currents discernable on the ECG. However, the existence of U-waves in the ECG of pigs has not yet been recognized. In addition, M-cells may contribute to the genesis of the Ž . J-wave Osborn's wave since this ECG deflection appears to be caused by an heterogeneous distribution of the I to that causes action potential spike-and-dome configuration w x 26 . In view of the lack of potentials with spike-and-dome configuration in the pig model one would expect an absence of J-waves in swine, but this needs further investigation.
